ABSTRACT In laboratory assays, we evaluated the potential impact of host plant substrate types, host-parasitoid group sizes (densities), and parasitoid-to-host ratios on select Þtness parameters of the larval endoparasitoid Tetrastichus planipennisi Yang (Hymenoptera: Eulophidae), newly introduced for biological control of emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), in the United States. Results from our study showed that offspring production and critical Þtness parameters (body size and sex ratio) of T. planipennisi from parasitized emerald ash borer larvae are signiÞcantly inßuenced by host plant substrate type, host-parasitoid group size, parasitoid-to-host ratio, or a combination in the primary exposure assay. The number of both female and male T. planipennisi progeny was signiÞcantly greater when emerald ash borer larvae were inserted into tropical ash [Fraxinus uhdei (Wenz.) Lingelsh.] logs rather than green ash (Fraxinus pensylvanica Marshall). When maintained at a constant 1:1 parasitoid-to-host ratio, assays with larger host-parasitoid group sizes (3:3Ð12:12) produced signiÞcantly greater numbers of both male and female offspring per parental wasp compared with those with the single host-parasitoid (1:1) group treatment. As the parasitoid-to-host ratio increased from 1:1 to 8:1 in the assay, the average brood size (number of offspring per parasitized emerald ash borer larva) increased signiÞcantly, whereas the average brood sex ratio (female to male) changed from being female-biased (6:1) to male-biased (1:2); body size of female offspring as measured by the length of ovipositor and left hind tibia also was reduced signiÞcantly. Based on these Þndings, we suggest that the current method of rearing T. planipennisi with artiÞcially infested-emerald ash borer larvae use the tropical ash logs for emerald ash borer insertion, a larger (Ն3:3) host-parasitoid group size and 1:1 parasitoid-to-host ratio in the primary parasitoid exposure assays.
Successful development of methods for rearing large numbers of high-quality natural enemies is always an important component of both classical and augmentative biological control programs. An effective rearing system to produce large numbers of high-quality natural enemies is generally required in biological control programs for several reasons (Singh 1982, Nordlund and Greenberg 1994) : 1) to study the insect itself for information pertaining its biology, behavior, life history, and ecology; 2) to facilitate the establishment of new natural enemies by rearing large numbers for release; and 3) to supply routinely or at a speciÞed time large numbers of natural enemies for releases against the target pest over the generally infested areas.
Tetrastichus planipennisi Yang (Hymenoptera: Eulophidae) is one of the three biocontrol agents that were recently introduced to the United States from China for biological control of the emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), which is responsible for widespread ash (Fraxinus spp.) mortality in the north central United States (Haack et al. 2002 , USDAÐAPHIS 2007 . This eulophid wasp is a gregarious koinobiont parasitoid of emerald ash borer larvae in China (Yang et al. 2006) and has the potential to be an effective biocontrol agent against emerald ash borer in the United States . Release of T. planipennisi and two other emerald ash borer biocontrol agents from China started in 2007 in Michigan (USDAÐAPHIS 2007 , Bauer et al. 2008 , and since then they have been released against emerald ash borer in 12 midwestern and Mid-Atlantic states , Gould et al. 2011b . Although the colonization, establishment, and potential efÞcacy of this parasitoid in suppressing emerald ash borer populations are curThis article presents the results of research only. Mention of a proprietary product does not constitute endorsement or recommendation for its use by USDA. rently being investigated in small-scale research plots (Duan et al. , 2012a , development of effective rearing methods for this biocontrol agent is urgently needed to implement the current emerald ash borer control program at a large scale in the United States.
Presently, T. planipennisi is being reared using Þeld-collected emerald ash borer larvae artiÞcially inserted into small host plant (Fraxinus pennsylvanica Marshall) sticks or logs Bauer 2007, Ulyshen et al. 2010a,b; . Recently, we have discovered that tropical ash, Fraxinus uhdei (Wenz.) Lingelsh., can sustain the complete development of emerald ash borer larvae and may be potentially useful in rearing emerald ash borer larvae and their parasitoids (Duan et al. 2012b ). This is particularly important for obtaining a continuous and unlimited number of emerald ash borer larvae for parasitoid rearing because local supplies of green ash trees are limited by both the slow growth and seasonality of the species, whereas tropical ash can be easily grown in the greenhouse year-round at a much faster growth rate than green ash. However, like many parasitoid species that attack concealed host stages, the host substrate type can signiÞcantly affect the host Þnding, location, and use patterns of the foraging parasitoids (Paine et al. 2001 , Duan et al. 2000a , Fischer et al. 2003 , Ero and Clarke 2012 . Thus, it is prudent to test whether there are any differences in critical rearing parameters of emerald ash borer larval parasitoids such as T. planipennisi between the tropical and green ash logs and whether ash is better than the other in terms of parasitism (host use) rate and progeny Þtness.
Adults of T. planipennisi lay multiple eggs into an individual emerald ash borer larva of suitable stages (secondÐfourth instars) , Ulyshen et al. 2010b ) and produce broods of progeny with sizes ranging from a few to Ͼ100 in a parasitized host larva (Ulyshen et al. 2010a,b; . For many species of gregarious koinobiont parasitoids, the number of eggs laid by foraging adult parasitoids into each host often has signiÞcant inßu-ence on the Þtness consequences (e.g., brood size, sex ratio, and body size) of the progeny. However, the number of parasitoid eggs laid on each host is not only affected by the physiological and informative status of the foraging parasitoids but also by the availability (e.g., density) and quality (e.g., age or stage) of the host. For the purpose of biological control releases, an effective parasitoid rearing program needs to not only optimize the number of parasitoids (brood size) produced per host but also maximize the value of critical Þtness parameters (e.g., female-biased sex ratio and body size) of the progeny. In addition, high-quality parasitoids (i.e., with optimized values of critical Þt-ness parameters) reared for biocontrol programs are often critical to the establishment of released populations and subsequently contributes to the parasitoid population dynamics. Currently, there have been no published studies on the optimal density or group structure of the host larvae and adult parasitoids that allows proÞtable production of T. planipennisi progeny with optimized values of critical Þtness parameters.
The purpose of the current study is to evaluate the potential impact of host plant substrate types (green ash versus tropical ash logs) and host-parasitoid group structures (densities and ratios) on select Þtness parameters of the newly introduced emerald ash borer larval parasitoid T. planipennisi. This knowledge will allow us to determine the optimal host plant substrate type and parasitoid-host group structures (i.e., densities and ratios) for mass rearing of high-quality of T. planipennisi for biocontrol releases against emerald ash borer.
Materials and Methods
Parasitoids. Adult T. planipennisi used in this study were progeny of fourth to 10th generations of a founder colony originally collected from Liaoning Province, China, in fall 2008 . Adult parasitoids used in the experiments were typically 3Ð 6 wk of age and were assumed to be mated; we consistently observed the occurrences of mating activities immediately after emergence (J.J.D., unpublished data). In addition, it has been our practice to hold male and female T. planipennisi together for at least a week before host exposure allowing us to be conÞdent that mating had occurred. Throughout these investigations, we used only naṏve wasps (those with no previous exposure to emerald ash borer hosts). Before being used in exposure assays, parasitoids were maintained in environmental chambers (Percival ScientiÞc, Perry, IA) at 25 Ϯ 2ЊC, 55Ð 65% RH, and a photoperiod of 16:8 (L:D) h. Adult parasitoids were housed in ventilated polystyrene crisper boxes (TriState Plastics, Latonia, KY) (each 17.6 by 12.6 by 10 cm) or 20-cm (height) by 12-cm (diameter) acrylic cylinders (Consolidated Plastics, Stow, OH). A water source was provided for adult parasitoids via a 10-dram clear plastic vial (U.S. Plastics, Lima, OH) Þtted with a 10-cm braided cotton dental wick (Henry Schein, Melville, NY). Clover honey was streaked on the mesh ventilation circles of the rearing containers to serve as a food source for adult parasitoids.
Emerald Ash Borer Larvae. The emerald ash borer larvae used in all investigations were Þeld-collected individuals from emerald ash borerÐinfested ash trees in various Þeld sites in Michigan, Pennsylvania, and Maryland. The emerald ash borer larvae were collected by removing bark of infested ash trees with a draw shave (Ben Meadows, Janesville, WI) and carefully removing the emerald ash borer larvae from the exposed feeding galleries. The collected emerald ash borer larvae were then placed into a 12-well cell culture plate (Corning, Ithaca, NY) lined with moistened Kim-wipes (Thermo Fisher ScientiÞc, Waltham, MA) and held on ice for transport to the BeneÞcial Insect Introduction Laboratory (Newark, DE) . Before their use in various investigations, all Þeld-collected emerald ash borer larvae were inspected for any signs of damage or Þeld parasitism; only apparently healthy fourth instars were used in the study. The fourth instars are the most acceptable stages to T. planipennisi (Ulyshen et al. 2010b) .
Parasitoid Exposure Method. Our experiments were designed to test factors (host plant substrates, host-parasitoid group structures, and parasitoid-tohost ratios) affecting parasitism of emerald ash borer larvae and/or production of the parasitoid offspring from the host larvae parasitized by T. planipennis. We accomplished this by artiÞcially inserting Þeld-collected emerald ash borer larvae into Fraxinus spp. sticks before offering them to the parasitoids. Sticks (or logs) of 10 Ð19 cm in length and 2Ð5 cm in diameter (depending upon the design of speciÞc experiments) were freshly cut from Þeld-grown green ash or greenhouse-cultivated tropical ash. The sticks were sterilized by washing with warm soapy water and treated in a 10% bleach bath for 0.5 h after which they were ßushed with copious amounts of cold tap water. The sticks were prepared to receive emerald ash borer larvae by shaving a thin bark-ßap away from the longitudinal axis of the stick by using a razor-sharp utility knife; the bark ßap remained attached to the stick. We then fashioned a narrow channel or groove (2Ð 4 mm in depth by 5Ð7 mm in width) in the exposed wood using a #11 palm-handled wood veneer (Woodcraft Supply LLC, Parkersburg, WV). An emerald ash borer larva was then placed in the channel and covered with the bark-ßap, and the ßap was then secured with thin bands of ParaÞlm at the top and bottom of the ßap. The number of emerald ash borer larvae per stick varied according to the needs of the experimental design (typically from one to Þve per stick). The sticks were placed, with the insertion-end up, either into cells of a 12-well tissue culture plate, or into 30-ml PETE soufßé solocups (Reliable Paper, Acworth, GA). To maintain moisture in the ash sticks, water was added either to the cells of the culture plate or to the soufßé cups so that the base of each stick was submerged in Ϸ0.5 cm of water. ParaÞlm was used to cover the surface of the plate or cup to prevent spillage of water into the rearing arena. The emerald ash borerÐinfested ash sticks were then placed into test arenas (ventilated polystyrene crisper boxes or acrylic cylinders as described previously). Next, we exposed the infested ash sticks to a number of adult parasitoids (contingent upon the experimental design) inside the rearing arena for 1Ð2 wk. At the end of each assay, the exposed emerald ash borer infested ash sticks were incubated in a growth chamber for Ϸ30 d at 25 Ϯ 2ЊC; 55Ð 65% RH, and a photoperiod of 16:8 (L:D) h for recovery of the F 1 parasitoid progeny. After parasitoid emergence had ceased, all the sticks were then dissected, and parasitism of emerald ash borer larvae by T. planipennisi was scored based on the presence of small circular parasitoid exit holes (each Ϸ1Ð1.5 mm in diameter) on the stick that were associated with the gallery of each parasitized larva. Dead emerald ash borer larvae also were dissected under a stereo microscope for any evidence (parasitoid cadavers) of unsuccessful parasitism. Throughout the study, we observed very few (Ͻ1%) cases of dead emerald ash borer larvae containing parasitoid cadavers (dead larvae or unmerged adults) in various assays, and excluded those unsuccessful parasitism from data analysis. In addition, we observed little (Ͻ3%) mortality of test parasitoids during all primary exposure assays, and thus did not analyze the effect of such low mortality rate on host parasitism rate and progeny production of T. planipennis in different experiments.
Effects of Host Plant Substrate Type on Host Parasitism and Parasitoid-Progeny Production. We compared the known host plant green ash and the tropical ash as the emerald ash borer larvaeÕs food plant substrates for exposure to T. planipennisi in no-choice assays. Green ash and tropical ash sticks of the same size (2 cm in diameter by 19 cm in length) were freshly cut from the Þeld-grown green ash stands and greenhouse-cultivated tropical ash, respectively, and prepared for emerald ash borer insertion as described above. Each test stick was inserted with two fourthinstar emerald ash borer larvae and then exposed to two females and one male of T. planipennisi inside the ventilated cylindrical arena. The adult parasitoids were allowed to remain in the arena for a period of 14 d at standard rearing conditions. In total, 30 trials (sticks) were tested separately for each ash species. At the 2-wk exposure period, adult parasitoids were removed and the emerald ash borerÐinfested sticks were incubated inside the environmental chamber for 3Ð 4 wk for adult emergence. Once emergence occurred, the newly emerged adult parasitoids were counted and sexed. After parasitoid emergence had ceased, sticks were dissected, and parasitism of emerald ash borer larvae were scored as described previously.
Effect of Host-Parasitoid Group Size (Density) on Host Parasitism and Parasitoid-Progeny Production. The effect of host-parasitoid group size on host parasitism and parasitoid-progeny production was tested by providing varying number of emerald ash borer larvae (one, three, six, and 12) inserted into ash sticks (with constant surface areas) to the corresponding number of T. planipennisi females in a rearing container so that a constant (1:1) parasitoid-to-host ratio was maintained across all the group size treatments. Freshly cut green ash sticks (each Ϸ19 cm in length by 2 cm in diameter) were used for emerald ash borer insertion. Four grooves on each stick were cut around the circumference of the lower, middle, and upper sections, or a combination, of the stick with each groove oriented along the longitudinal axis of the stick as described previously. The number of emerald ash borer larvae inserted into each ash stick for each assay with different host-parasitoid group treatments varied according to the treatments. For tests with the single host-parasitoid treatment, one emerald ash borer larva inserted into one of the three test sticks were used in the assay (i.e., two sticks not inserted with any emerald ash borer larvae), whereas three ash sticks each with one inserted emerald ash borer larva were used in each assay for tests with the three to three hostparasitoid grouping treatment. For tests with the sixto-six host-parasitoid grouping treatment, three ash sticks, each inserted with two emerald ash borer larvae, were used in each assay, whereas three ash sticks each inserted with four emerald ash borer larvae were used for tests with the 12Ð12 host-parasitoid grouping treatment. All assays for each host-parasitoid grouping treatment were conducted in an environmental chamber under normal rearing conditions described above, and they were replicated 26 times. After a 2-wk exposure to parasitoids, exposed ash sticks from each assay were labeled and placed in screened cups for incubation in the environmental chamber for adult emergence. After adult emergence ceased, ash sticks from each assay were dissected, and emerald ash borer larvae were visually scored for parasitism as described previously.
Effect of Parasitoid-to-Host Ratio on Progeny Production, Sex Ratio, Body Size, and Number of Offspring. We conducted the experiment with four different parasitoid-to-host ratios: 1:1 (Þve female wasps to Þve emerald ash borer larvae), 2:1 (10 female wasps to Þve emerald ash borer larvae), 4:1 (20 female wasps to Þve emerald ash borer larvae), and 8:1 (40 female wasps to Þve emerald ash borer larvae). We selected this high range of parasitoid-to-host ratios (from 1:1 to 8:1) to test for this study mainly because emerald ash borer larvae had been the most limiting factor in rearing T. planipennisi. For each parasitoidto-host ratio treatment, we inserted Þve emerald ash borer larvae into one green ash stick (Ϸ10 cm in length by 5 cm in diameter), which were then exposed to the female parasitoids in the ventilated crisper box arena for 7 d. We replicated the exposure assay for each host-to-parasitoid ratio treatment 13 times. At the end of 7-d parasitoid exposure, exposed ash sticks from each assay were conÞned in the rearing arena (crisper box) and incubated inside the environmental chamber under standard rearing conditions for Ϸ4 wk for adult parasitoid emergence. Upon emergence, the progeny were enumerated and sexed. The ash sticks were then dissected and parasitism of the emerald ash borer larvae was then scored as described previously.
To measure the Þtness of the progeny produced from different treatments, we randomly selected Þve females of T. planipennisi progeny from each exposure assay (replicate) of the parasitoid-to-host ratio treatment, and we measured the length of both ovipositor and left hind tibia. The female wasps selected for measurement were held in RingerÕs solution until dissection. For measurement, we Þrst dissected the wasps and removed both the ovipositor and the left hind tibia. The dissected structures were photographed using an SZX-10 Stereomicroscope equipped with an E-620 12.3 Megapixel digital camera (both from Olympus, Tokyo, Japan). All photographs were taken with a scale reference and saved in jpeg format. The digital images were then imported into ImageJ (http:// rsbweb.nih.gov/ij/index.html), where they were converted to 8-bit images and spatially calibrated using the "set scale" function of ImageJ. The ovipositor and tibia were then measured using the "measure" function of ImageJ. The tibias were measured from tip to tip at their longest dimension. The ovipositors were measured from the external tip of the ovipositor to the point where the oviduct attaches to the ovipositor. Data Analysis. The distribution (i.e., homogeneity) of parasitism status (parasitized or nonparasitized) of emerald ash borer larvae from trials with green and tropical ash logs was tested using likelihood chi-square tests. All other progeny metrics (number of female and male progeny, and sex ratio) were Þrst square-root transformed to enhance the normality and then tested using two-sample StudentÕs t-tests.
Rates of parasitism by T. planipennisi were calculated as proportion of parasitized emerald ash borer larvae relative to the total exposed emerald ash borer larvae for each replicate of exposure assays with different host-parasitoid group sizes or ratio treatments and then transformed with arcsine square root function for analysis of variance (ANOVA) (with assay replicates as blocks). Total brood size, number of males per brood, number of females per brood, and brood female-to-male sex ratio also were calculated for each replicate (block) of treatment assays, transformed with square root function, and then analyzed using ANOVA (for completely randomized block design) for treatment effect. All post hoc comparisons were conducted using TukeÐKramer honestly significant difference (HSD) tests. The measurement (length) of ovipositor and left hind tibia of female progeny randomly selected from each replicate assays also were compared across treatments (parasitoid-tohost ratio) using one-way ANOVA; post hoc comparisons were conducted using TukeyÐKramer HSD tests. All statistical analyses were carried out with JMP 9.02 (SAS Institute 2010).
Results
Effects of Host Plant Substrate Type. Approximately 47% of the assays (N ϭ 30) with green ash sticks resulted in successful parasitism of exposed emerald ash borer larva by T. planipennisi, slightly lower than those (N ϭ 30) with tropical ash sticks (63%). Parasitism rates of exposed emerald ash borer larvae (N ϭ 60 for each ash species) were 27 and 35% for tests with green ash and tropical ash sticks, respectively. There was no signiÞcant difference in the proportion of assays producing successful parasitism by T. planipennisi between tests with green ash tropical ash sticks (likelihood 2 ϭ 1.692, df ϭ 1, P ϭ 0.1934), nor was there any signiÞcant difference in parasitism of emerald ash borer larvae between green ash and tropical ash sticks (likelihood 2 ϭ 0.979, df ϭ 1, P ϭ 0.3224). For assays that resulted in successful parasitism of emerald ash borer larvae, however, signiÞcantly higher numbers of T. planipennisi offspring (both males and females) were produced in assays with tropical ash sticks than in those with green ash logs (Table 1 ; two-sample t-tests, all P Ͻ 0.05). Average brood sex (female-tomale) ratios are strongly female-biased for offspring produced for trials with both tropical ash and green ash sticks, between which there is no signiÞcant difference (Table 1) .
Effect of Host-Parasitoid Group Size. Throughout the experiment, between 8 and 23% of exposed emerald ash borer larvae were successfully parasitized by June 2012 DUAN AND OPPEL: CRITICAL REARING PARAMETERS OF T. planipennisiT. planipennisi across different host-parasitoid grouping treatments (Fig. 1A) , among which there were no signiÞcant differences in parasitism rate (F ϭ 0.85; df ϭ 3, 75; P ϭ 0.4723). However, there was a significant difference in the number of progeny of both sexes produced per test female parasitoid among different host-parasitoid group sizes (for male progeny: F ϭ 3.58; df ϭ 3, 74; P ϭ 0.0178; for female progeny: F ϭ 10.97; df ϭ 3, 74; P Ͻ 0.0001). Assays with larger (3:3, 6:6, and 12:12) host-parasitoid group sizes produced signiÞcantly more progeny of both sexes per test female wasp than those with single host-parasitoid group size ( Fig. 1B ; TukeyÕs HSD tests, P Ͻ 0.05). Except for the single host-parasitoid group treatment that produced no females and only a few male progeny from a Numbers in the same row followed by the same lowercase letter are not signiÞcantly different according to likelihood chi-square tests (P Ͼ 0.05).
b Numbers in the same row followed by the same lowercase letter are not signiÞcantly different according to two sample t-tests (P Ͼ 0.05). Fig. 1 . Effects of parasitoid-host group size (density) on host attack rate (percentage of parasitism, A) and number of male and female offspring produced by each female T. planipennisi (B) . Bars Þlled with the same pattern and followed with the same letter indicate no signiÞcant differences (P Ͼ 0.05; TukeyÐKramer HSD test).
four parasitized emerald ash borer larvae, average brood sex ratios for the larger group size treatments were strongly female-biased (ranging from 5:1 to 9:1 females to males); no signiÞcant differences in femaleto-male sex ratios of offspring were detected among the different larger group size treatments (F ϭ 1.23; df ϭ 2, 42; P ϭ 0.2902).
Effect of Parasitoid-to-Host Ratio. Across different parasitoid-to-host ratio treatments, 40 Ð 46% of exposed emerald ash borer larvae were parasitized by T. planipennisi and produced adult parasitoid progeny ( Fig. 2A) . Increasing the parasitoid-to-host ratio from 1:1 to 8:1 did not signiÞcantly affect host larval parasitism (F ϭ 0.32; df ϭ 3, 18; P ϭ 0.8142) but signiÞcantly increased the total number of offspring (brood size) per parasitized emerald ash borer larva ( Fig. 2B ; F ϭ 4.39; df ϭ 3, 18; P ϭ 0.0191). At the same time, the average brood sex (female-to-male) ratio of the offspring changed signiÞcantly from Ϸ6:1 (female-biased) at the 1:1 parasitoid-to-host ratio to 1:2 (malebiased) at 8:1 parasitoid-to-host ratio ( Fig. 3A ; F ϭ 12.87; df ϭ 3, 68; P Ͻ 0.0001). Separate analyses of offspring of both sexes showed that signiÞcantly greater numbers of male offspring were produced as the parasitoid-to-host ratio increased from 1:1 to 8:1 ( Fig. 3B ; F ϭ 10.20; df ϭ 3, 29; P Ͻ 0.0001), whereas no signiÞcant changes in the number of female offspring were observed across the different ratio treatments ( Fig. 3B ; F ϭ 0.6188; df ϭ 3, 29; P ϭ 0.608). In addition, the body size of female offspring as measured Fig. 2 . Effects of parasitoid-to-host ratio in rearing assays on parasitism of host larvae by T. planipennisi (A) and brood size of offspring per parasitized host larva (B). Bars Þlled with the same pattern and followed with the same letter indicate no signiÞcant differences (P Ͼ 0.05; TukeyÐKramer HSD test).
by the length of ovipositor (F ϭ 8.60; df ϭ 3, 61; P Ͻ 0.0001) and left hind tibia (F ϭ 9.44; df ϭ 3, 61; P Ͻ 0.0001) was signiÞcantly reduced as the parasitoid-tohost ratio in the exposure assays increased from 1:1 to 8:1 (Fig. 4) .
Discussion
Results from our study indicate that offspring production and critical Þtness parameters (body size and sex ratio) of T. planipennisi from parasitized emerald ash borer larvae are signiÞcantly inßuenced by host plant substrate type, host-parasitoid group size (density), parasitoid-to-host ratio, or a combination, used in primary parasitoid exposure assays. The number of both female and male T. planipennisi progeny was signiÞcantly greater when emerald ash borer larvae were inserted into tropical ash logs rather than green ash logs. When maintained at a constant 1:1 parasitoidto-host ratio, assays with larger host-parasitoid group sizes (3:3Ð12:12) produced signiÞcantly greater numbers of male and female offspring per test parasitoid compared with offspring derived from the single hostparasitoid (1:1) group treatment. As the parasitoidto-host ratio increased from 1:1 to 8:1, the average brood size (number of offspring per parasitized emerald ash borer larva) increased signiÞcantly; concurrently, the average brood sex ratio (female to male) decreased (i.e., changed from female-biased to malebiased ratio), and the size of anatomical markers (ovipositor length and left hand tibia length) also were signiÞcantly reduced. Based on these Þndings, we advocate the following modiÞcations to the currently practiced T. planipennisi rearing method. First, we Fig. 3 . Effect of parasitoid-to-host ratio in rearing assays on the brood sex (female-to-male) ratio (A) and number of male and female offspring produced per parasitized host larva (B). Bars Þlled with the same pattern and followed with the same letter indicate no signiÞcant differences (P Ͼ 0.05; TukeyÐKramer HSD test).
suggest substituting tropical ash logs for the green ash logs normally used as the host substrate for artiÞcially infested emerald ash borer larvae. Second, we suggest maintaining both larger (Ն3:3) host-parasitoid group sizes and 1:1 parasitoid-to-host ratio for the primary parasitoid exposure assays.
Throughout the study, we noted that the rate of host parasitism by T. planipenniis in all the primary parasitoid exposure assays was low (8 Ð 46%) regardless of host plant substrate type, host-parasitoid group sizes, and parasitoid-to-host ratio. The low rates of host use by the primary test T. planipennis in this study are in fact comparable to or higher than those (13Ð36%) reported in the previous laboratory studies that used the similar emerald ash borer infestation and exposure method for rearing T. planipennisi (Ulyshen et al. 2010a,b; . The low rate of host parasitism by the primary exposure of females of T. planipennisi in this study and previous studies probably resulted from the following two major factors. First, the artiÞcial infestation of host plant substrates (sticks or logs) with Þeld-collected emerald ash borer larvae involved considerable larval handling and therefore might have compromised the suitability (or quality) of the exposed host larvae to T. planipennisi, which may have reduced the host parasitism rate (See Ulyshen et al. 2010a,b) . Second, in laboratory rearing assays, we observed that groups of gravid T. planipennisi females often aggregated around the same areas of an emerald ash borerÐinfested ash log or stick where they probed simultaneously into the common area for a particularly long time (Ͼ1 h) (J.J.D. and C.B.O., unpublished data). This indicated that there might be an intrinsic trade-off between Þnding and attacking more hosts and laying more eggs into the same host found by the foraging females of this gregarious koinoboint parasitoid. In fact, previous Þeld surveys frequently found large brood sizes (30 Ð172 immature stages) of T. planipennisi from Þeld populations of parasitized emerald ash borer larvae , Duan et al. 2012a . Further studies are needed to investigate exactly what factors have limited the rate of host use by T. planipennisi with the current emerald ash borer infestation and parasitoid exposure method. For example, we need to investigate whether feeding activities of emerald ash borer larvae artiÞcially inserted into ash logs for the primary exposure to T. planipennisi are potentially reduced by the process of artiÞcial insertion. The reduction in feeding activities of emerald ash borer larvae can result in lower parasitism rate as female wasps of T. planipennisi may rely on vibration cues produced by host larval feeding activities to locate or Þnd the host larvae for oviposition .
It is well established that both physical and chemical characteristics of hostÕs food plants can signiÞcantly inßuence host use patterns by hymenopteran parasitoids, particularly those that attack concealed hosts such as plant and fruit borers (Duan and Messing 2000a,b; Paine et al. 2001; Bautista et al. 2004; Gould et al. 2011a; Ero and Clarke 2012) . Although tropical ash is not the natural host of emerald ash borer, because it does not occur in both the native and newly invaded range of emerald ash borer, green ash is considered the most suitable (or susceptible) food plants of emerald ash borer (Rebek et al. 2008) . It is a bit surprising to us that when exposed to gravid females of T. planipennisi at the same (1:1) parasitoid-to-host ratio, more parasitoid offspring were produced from primary exposure trials with emerald ash borer larvae inserted into the tropical ash rather than the green ash sticks. Although we do not know exactly what attribute of the tropical ash sticks contributed into the increased production of T. planipennisi progeny, the use of tropical ash (instead of green ash) logs for emerald ash borer larval insertion and parasitoid exposure may offer a great potential for the year-round production of T. planipennisi for use in current emerald ash borer biocontrol programs. Because tropical ash may be easily propagated and grown in the greenhouse and demonstrates faster growth rates without a required senescence period, tropical ash is preferable to other temperate Fraxinus spp. for the production of emerald ash borer larvae as host for parasitoid rearing. Research into use of greenhouse-grown tropical ash plants for emerald ash borer rearing for mass production of emerald ash borer parasitoid is currently under way at our laboratory (Duan et al. 2012b) .
When maintained at a constant 1:1 parasitoid-tohost ratio, exposure assays with the larger host-parasitoid group sizes (i.e., 3:3, 6:6, or 12:12) produced signiÞcantly greater numbers of offspring per test T. planipennisi female than those with the single hostparasitoid group treatment. Although the underlying mechanism for this outcome is not known, we suspect that the simultaneous presence of multiple foraging females on a host-habitat complex (emerald ash borerÐ infested stick) might have enhanced the rate of oviposition of the foraging female parasitoids into the host larvae. This type of socially facilitated egg-laying behavior has been observed in other nonsocial insects Duan 1998, Prokopy and Reynolds 1998) , although few studies have addressed the importance of such behavior in host use patterns in insect parasitoids. For rearing T. planipennisi, the use of larger host-parasitoid group sizes for the primary parasitoid exposure in an arena should always be more efÞcient than using smaller group sizes in the same arena because more parasitoid offspring are probably produced by each primary female parasitoid and thus should be adopted in the current T. planipennisi rearing protocol.
For many species of gregarious parasitoids, the primary brood size number and sex ratio (i.e., the brood size and sex ratio at the time of parasitism) are determined by the foraging female parasitoids based on their physiological and informative status as well as their hostÕs age or quality and availability (density) (Godfray 1994, van Alphen and Jervis 1996) . The primary brood size and sex ratio provide the basis for larval competition among brood mates that in turn determines the Þtness (body size) of the progeny (Chong and Oetting 2007) . Thus, it is expected that parasitoid-to-host ratio in our assays with T. planipennisi would affect the availability of the hosts for parasitism and thus inßuence the primary brood size and sex ratio of the offspring that in turn inßuenced the body size of the progeny. Although increasing the parasitoid-to-host ratio from 1:1 to 8:1 did not significantly affect the number of female offspring produced per parasitized emerald ash borer larva in our study, the adverse effect of increased brood size (due to decreases in host-to-parasitoid ratio) on the Þtness consequence (body size) of female offspring was signiÞcant even at 2:1 parasitoid-to-host ratio. This adverse effect of higher parasitoid-to-host ratio on the Þtness consequence of female offspring seems most likely to have resulted from larger brood sizes because of the signiÞcant increase in male progeny at higher parasitoid-to-host ratios, which inevitably led to more intense competition between different sexes of offspring in the same brood. Currently we do not know the behavioral and ecological mechanisms governing the sex allocation of T. planipennisi. For the rearing program that focuses on maximizing the number and values in critical Þtness parameters of the T. planipennisi progeny per capita (wasp or emerald ash borer larva), we strongly suggest that parasitoid-to-host ratio in the primary exposure assays be maintained no larger than 1:1.
